The plastid ClpPR protease complex in Arabidopsis thaliana consists of five catalytic ClpP and four noncatalytic ClpR subunits. An extensive analysis of the CLPR family and CLPP5 is presented to address this complexity. Null alleles for CLPR2 and CLPR4 showed delayed embryogenesis and albino embryos, with seedling development blocked in the cotyledon stage; this developmental block was overcome under heterotrophic conditions, and seedlings developed into small albino to virescent seedlings. By contrast, null alleles for CLPP5 were embryo lethal. Thus, the ClpPR proteins make different functional contributions. To further test for redundancies and functional differences between the ClpR proteins, we overexpressed full-length cDNAs for ClpR1, R2, R3, R4 in clpr1, clpr2 and clpr4 mutants. This showed that overexpression of ClpR3 can complement for the loss of ClpR1, but not for the loss of ClpR2 or ClpR4, indicating that ClpR3 can functionally substitute ClpR1. By contrast, ClpR1, R2 and R4 could not substitute each other. Double mutants of weak CLPR1 and 2 alleles were seedling lethal, showing that a minimum concentration of different ClpR proteins is essential for Clp function. Microscopy and large-scale comparative leaf proteome analyses of a CLPR4 null allele demonstrate a central role of Clp protease in chloroplast biogenesis and protein homeostasis; substrates are discussed. Lack of transcriptional and translational feedback regulation within the CLPPR gene family indicates that regulation of Clp activity occurs through Clp complex assembly and substrate delivery.
The Clp protease is one of several plastid proteases that are homologous to bacterial proteases (Adam et al., 2006; Yu and Houry, 2007) . However, the plant Clp gene family is much larger than the bacterial Clp family, suggesting that there is either some redundancy between the subunits or that this complexity is required for regulation of Clp activity in plants. The expansion of the Clp family in higher plants suggests an evolutionary adaptation to specific plastid or chloroplast functions.
The structure and functions of the Clp machinery are simplest and best understood in Escherichia coli (Baker and Sauer, 2006; Mogk et al., 2007; Yu and Houry, 2007) . The E. coli Clp protease consists of a Ser-type protease tetradecameric core complex. The catalytic chamber of the Clp protease core is enclosed in the barrel-shaped tetradecamer formed by two homoheptameric rings of ClpP peptidases, which are all encoded by a single gene (Szyk and Maurizi, 2006) . A hexameric Clp chaperone complex, consisting of either ClpX or ClpA, serves in substrate recognition, unfolding, and feeding into the proteolytic core. This chaperone complex reversibly associates with the Clp protease complex. Adapter proteins, ClpS and SspB (stringent starvation protein B), interacting with the Clp chaperones, modulate substrate delivery to the Clp protease.
The Clp machinery in the photosynthetic bacterium Synechococcus sp PCC 7942 consists of three ClpP genes, one ClpR, ClpX, and ClpC gene as well as two ClpS genes (Stanne et al., 2007) . ClpP1 and ClpP2 form one complex and are dispensable, while ClpP3 and ClpR form an essential complex (Stanne et al., 2007) . Phylogenetic analysis showed that cyanobacterial ClpP1 and ClpP2 have no descendants in plants (Majeran et al., 2005) .
The plastid-localized Clp protein family consists of five Sertype ClpP (P1 and P3 to P6) proteases, four noncatalytic ClpR (R1 to R4) proteins, three Clp chaperones (C1, C2, and D), a potential substrate regulator, ClpS, and two additional members (ClpT1 and ClpT2) with unknown functions (Adam et al., 2006; Sakamoto, 2006) . All proteins of the Clp proteolytic system, except ClpS, have been identified by mass spectrometry both in chloroplasts of Arabidopsis thaliana leaves and in nongreen plastids in roots and petals (Peltier et al., 2004) .
So far, different phenotypes have been shown for various Clp mutants in plants and algae. Higher-plant ClpP1 is plastidencoded and is essential for shoot development in tobacco (Nicotiana tabacum) (Shikanai et al., 2001; Kuroda and Maliga, 2003) . Downregulation of CLPP1 in the green algae Chlamydomonas reinhardtii suggested that ClpP1 is involved in the degradation of thylakoid proteins (Majeran et al., 2000 (Majeran et al., , 2001 . The Arabidopsis ethyl methanesulfonate (EMS) mutant clpr1-1 carries a premature stop codon in the CLPR1 gene and is essentially a null mutant. clpr1-1 showed a pale-green phenotype and delayed chloroplast development and differentiation (Koussevitzky et al., 2007a) . Maturation of 23S and 4.5S chloroplast rRNA is delayed in clpr1-1 (Koussevitzky et al., 2007a) and requires 59 and 39 end processing and excision of the 23S rRNA from the dicistronic intermediate, involving several nucleases and other enzymes (Walter et al., 2002; Bellaoui and Gruissem, 2004; Kishine et al., 2004; Bollenbach et al., 2005; Beligni and Mayfield, 2008) , with later steps occurring during assembly of the 50S ribosomal particle. This rRNA maturation phenotype in clpr1-1 is possibly a consequence of disrupted chloroplast protein homeostasis that also affects ribosome assembly, rather than a direct effect of the loss of ClpR1 activity. We identified and characterized a T-DNA-tagged Arabidopsis mutant with reduced expression of CLPR2 (clpr2-1) . Accumulation of the assembled 325-kD ClpPRT complex was two-to threefold reduced and resulted in delayed chloroplast and plant development with small chloroplasts and a pale green phenotype. The clpr2-1 mutant showed the strongest visible phenotype when seedlings are young. Phenotypes of Arabidopsis antisense lines against CLPP4 and CLPP6 (Sjogren et al., 2006 ) also showed delayed chloroplast and plant development, a virescent or variegated phenotype, and reduced accumulation of other ClpP and ClpR subunits. A null mutant for the CLPC1 chaperone (also named Heat Shock Protein 93-V) resulted in reduced plant growth and chloroplast development and reduced protein import rates, but homozygous plants are autotrophic and seeds are viable (Constan et al., 2004; Sjogren et al., 2004; Kovacheva et al., 2005) . A null mutant for CLPC2 has no visible phenotype, while lack of both CLPC1 and CLPC2 prevents the formation of viable embryos (Kovacheva et al., 2007) .
The ClpR proteins lack the catalytic amino acid residues that are conserved across ClpP proteins, while ClpT1 and ClpT2 are unique to eukaryotic photosynthetic organisms (Peltier et al., 2001) . ClpR1, ClpR3, and ClpR4 have a 10 to 12 amino acid insertion domain compared with the ClpP1-6 proteins and ClpR2 (Peltier et al., 2004) . Our homology models suggested that this domain protrudes into the tunnel of the ClpP/R core, possibly affecting substrate presentation to the catalytic sites (Peltier et al., 2004) . Another feature of chloroplast ClpR and ClpP proteins is the extended C termini, which might influence protein interactions to adaxial sites of the ClpPR core (i.e., with hexameric rings of ClpC and ClpD or with ClpT1 and ClpT2). Based on extensive phylogenetic analysis of the ClpP/R genes, a model was proposed for the evolution of the algal and plant complex from its cyanobacterial ancestor (Majeran et al., 2005) .
The presence of noncatalytic ClpR and the diversity of ClpP proteins in the plastid-localized ClpPR core is puzzling, and in this study, we explore the functional contributions and possible redundancies within the ClpP/R family. To that end, we obtained null mutants (with one or more alleles per gene) for ClpR2, ClpR4, and ClpP5 and knockdown alleles for ClpR1 and ClpR4. To further test redundancies and functional differences between the ClpR proteins, we expressed full-length cDNAs for ClpR1, ClpR2, ClpR3, and ClpR4 in the different CLPR mutants. This showed that overexpression of ClpR3 can complement for the loss of ClpR1 but not the loss of ClpR2 or ClpR4. However, when two weaker and autotrophic alleles for CLPR1 and CLPR2 are crossed, the double mutant is seedling lethal under autotrophic conditions, showing that minimum concentrations of different ClpR proteins are needed. Extensive microscopy analysis of embryos in developing siliques of the various mutants showed a differential need for ClpPR proteins in embryogenesis. Finally, we provide a detailed microscopy and molecular analysis of a seedling-lethal T-DNA-tagged CLPR4 mutant (clpr4-1). Transcript levels of the Clp gene family were modestly reduced in the clpr4-1 mutant (with the exception of CLPR4), without differences among the ClpPR members. Leaf proteome analysis of the CLPR4 null mutant using immunodetection, native gels, and large-scale quantitative mass spectrometry demonstrate that the strong phenotype is caused by a near complete loss of the photosynthetic machinery. Implications for regulation of Clp activity and the ClpPR complex organization, function, and substrates are discussed.
RESULTS

Loss of CLPR2 and CLPR4 Gene Expression Is Seedling Lethal, while Loss of CLPP5 Is Embryo Lethal
We screened the various T-DNA insertion collections with Columbia background for potential null and knockdown CLPR and CLPP mutants. After extensive genotyping by PCR, DNA sequencing of the T-DNA inserts, RT-PCR, segregation analysis, and complementation, we identified eight CLPPR mutants (Table  1) . The respective gene models and the position of the confirmed T-DNA insertions and transcript levels, as determined by RT-PCR, are shown in Figures 1A and 1B . A knockdown mutant was obtained for CLPR1 (clpr1-2), two null mutants were isolated for CLPR2 (clpr2-2 and clpr2-3), one null allele (clpr4-1) and one very strong knockdown allele (clpr4-2) were isolated for CLPR4, while three null alleles were isolated for ClpP5. clpr4-1 was backcrossed to remove a secondary phenotype due to an additional T-DNA insertion. For comparison, we also included the clpr1-1 EMS mutant (Koussevitzky et al., 2007a ) and the clpr2-1 mutant in our analysis (Table 1, Figure 1 ). We did not identify a useful T-DNA line with an insertion in the CLPR3 gene (located on the arm of chromosome 1 between the CLPP5 and CLPR2 genes), which simply relates to the fact that the Clp core genes are relatively small, and despite the large collection of available T-DNA insertion lines, there is still a significant chance that no T-DNA has inserted within the coding region of such smaller genes.
Under autotrophic conditions on agar plates, homozygous seedlings were identified for clpr2-2, clpr2-3, clpr4-1, and clpr4-2 alleles, but development was arrested at the cotyledon stage ( Figure 2A ) and seedlings died after several weeks; we did not observe phenotypic differences between the four alleles under these autotrophic conditions (Figure 2A) . None of the three CLPP5 alleles germinated (Figure 2A ), indicating that they were embryo lethal (see below). , and clpp5-3 mutants had a wild-type phenotype, indicative of recessive alleles without a gene dosage effect (see Supplemental Figure 1 online). In contrast to these clpr2 and clpr4 alleles, the clpr1-2 mutant was not blocked at the cotyledon stage but developed slower than the wild type with slightly pale green leaves, similar to the clpr1-1 and clpr2-1 mutants, albeit with a weaker phenotype (Figure 2A ). RT-PCR of the homozygous clpr2-2, clpr2-3, and clpr4-1 seedlings did not detect any CLPR2 transcript in the case of clpr2-2 and clpr2-3, or CLPR4 transcript in the case of clpr4-1, and they are thus null mutants, while transcript levels for CLPR4 were 5% of wild-type levels in clpr4-2 seedlings and 30% for CLPR1 in clpr1-2 ( Figure 1B) . CLPR2, CLPR4, or CLPP5 alleles could not be chemically complemented by supplementing the growth medium with Gamborg's vitamin mix, mevalonic acid, isopentenyl diphosphate, or dimethylallyl diphosphate. This suggests that the arrest in development was not caused by vitamin deficiency, by the inactivation of the cytosolic mevalonate (MVA) pathway (Kuzuyama and Seto, 2003) , or by the chloroplast-localized methylerythritol phosphate (MEP) pathway (Rodriguez-Concepcion and Boronat, 2002) . The MEP and MVA pathways provide substrates for chloroplast-localized isoprenoid and chlorophyll biosynthesis.
Light-Sensitive Seedling Development of clpr2-2, clpr2-3, clpr4-1, and clpr4-2 under Heterotrophic Conditions Under heterotrophic conditions on agar plates supplemented with 2% sucrose, homozygous clpr2-2, clpr2-3, clpr4-1, and clpr4-2 seedlings developed beyond the cotyledon stage, albeit very slowly and showing several developmental defects ( Figure  2B ), whereas plants bearing the clpp5-1, clpp5-2, and clpp5-3 alleles never germinated. The leaf shapes of homozygous clpr2-2, clpr2-3, clpr4-1, and clpr4-2 plants were serrated, curled, and pale green to white, with the already low level of greening decreasing at higher light intensities (Figures 2B to 2D ; for closeups, see Supplemental Figure 2 online). For example, when homozygous clpr4 plants were grown under long daylength photoperiods (16 h light) at 100 mmol photons·m 22 ·s 21 , seedlings initially accumulated high levels of anthocyanins in their hypocotyls and cotyledons and subsequently developed white leaves, without greening ( Figure 2C ). clpr4-1 and clpr4-2 grown at short daylength (10 h light) at 60 mmol photons·m 22 ·s 21 for 9 weeks were nearly white, but never chlorotic ( Figure 2D ; see Supplemental Figure 3A online). When such white plants grown at 60 mmol photons·m 22 ·s 21 for 6 weeks were shifted to 5 mmol photons·m 22 ·s 21 for 3 weeks, the leaves did green slightly (see Supplemental Figure 3B online). When such white plants were transferred to 48C at 60 mmol photons·m 22 ·s 21 , plants became even more pale, but did not show any sign of necrosis or cell death (see Supplemental Figure 3C online). The homozygous clpr2-2, clpr2-3, clpr4-1, and clpr4-2 seedlings developed best under low light (5 to 40 mmol photons·m 22 ·s 21 ), short daylength, and heterotrophic conditions, but remained small, with low chlorophyll content (Table 2) , even after prolonged growth (3 months) and were sterile. The phenotypes of these four clpr2 and clpr4 alleles were very similar, although under heterotrophic conditions, both clpr4 alleles appeared slightly less serrated and greener than the clpr2 alleles ( Figure 2B ; see Supplemental Figure 2 online). The chlorophyll a/b ratios did not differ significantly among the clpr2-2, clpr2-3, clpr4-1, and clpr4-2 alleles, but total chlorophyll content per fresh weight was only 2% in clpr2-2 and clpr2-3 and 6% in clpr4-1 and clpr4-2 compared with the wild type, whereas total carotenoid levels per fresh weight were reduced to ;9% in clpr2-2 and clpr2-3 and to ;11% in clpr4-1 and clpr4-2 (Table 2) . The accession number of the affected gene, the origin of the mutant lines and identifier of the lines, position of the insertion or mutation, expression level of relevant transcript, and short summary of the phenotype of homozygous plants grown with/without sucrose are indicated. All lines are in a Columbia-0 background. UTR, untranslated region. a This EMS line was published by Koussevitzky et al (2007a) . b Gift from J. Ecker (Salk Institute).
Synergistic Phenotype of the clpr1-2 clpr2-1 Double Mutant
The homozygous clpr1-2 and clpr2-1 mutants express ;20% (clpr1-2) and ;30% (clpr2-1) of wild-type levels of CLPR1 and CLPR2 transcripts, respectively ( Figure 1B ). The knockdown clpr1-2 phenotype is weaker than the EMS mutant clpr1-1 and the clpr2-1 phenotypes on agar plates ( Figure 2A ) and on soil ( Figure 3A ). To determine the genetic interactions between CLPR1 and CLPR2, we generated a homozygous clpr1-2 clpr2-1 double mutant ( Figures 3B and 3C ). Since the parental lines are fully autotrophic, it was surprising to observe that the double mutant was blocked in development at the cotyledon stage when grown on agar without a carbon source ( Figure 3B ), similar to clpr2-2, clpr2-3, clpr4-1, and clpr4-2 mutants ( Figure  2A ). However, the cotyledons of the double mutant did green ( Figure 3B ), unlike those of the clpr2 and clpr4 mutants ( Figure  2A ). The double mutant could be partially rescued by supplementation with sucrose, but remained very small, with palegreen to white leaves, and it was sterile ( Figure 3C ). The transcript level of CLPR1 in the double mutant was similar to that in the clpr1-2 parent, and the transcript level of CLPR2 was similar to that in the clpr2-1 parent ( Figure 3D ), indicating a lack of transcriptional feedback regulation. Thus, the double mutant has a much stronger phenotype than the parental lines clpr1-2 and clpr2-1 or the EMS mutant clpr1-1, but it has a weaker phenotype than the clpr2-2 and clpr2-3 mutants. Heteroallelic plants from the clpr2-1 and clpr2-2 cross had a phenotype intermediate between that of the parents, showing that the mutants are truly allelic and suggesting also a clear dosage effect at these low transcript levels ( Figure 3E ).
Inactivation of CLPR2 and CLPR4 Genes Delays Embryogenesis, while Loss of CLPP5 Expression Leads to a Complete Block in the Globular Embryonic Stage
The very poor development of the clpr2-2, clpr2-3, clpr4-1, and clpr4-2 mutants and the lack of germination of clpp5 mutants suggested that developmental defects already existed during embryogenesis. Since these homozygous clpr2, clpr4, and clpp5 -1, clpr1-2, clpr2-1, clpr2-2, clpr2-3, clpr4-1, clpr4-2, clpp5-1, clpp5-2 , and clpp5-3 on agar plates with Murashige and Skoog medium (without sucrose) grown under a 10/14-h light/dark cycle at 60 mmol photons·m À2 ·s À1 . The clpr2-2, clpr2-3, clpr4-1, and clpr4-2 seedlings are arrested in the cotyledon stage, and the cotyledons are covered by the seed coat. None of the clpp5 alleles germinated. All plants are 20 d old. Bars = 1 or 3 mm, as indicated. (B) Homozygous clpr2-2, clpr2-3, clpr4-1, and clpr4-2 plants on agar plates with Murashige and Skoog medium and 2% sucrose grown under a 10/14-h light/dark cycle at 40 mmol photons·m À2 ·s À1 . All plants are 7 weeks old. Bar = 10 mm. (C) and (D) Homozygous clpr4-1 plants grown on 2% sucrose on agar plates under a 16-h/8-h light/dark cycle at 100 mmol photons·m À2 ·s À1 (C) or under a 10-h/14-h light dark cycle at 40 mmol photons·m À2 ·s À1 or 60 mmol photons·m À2 ·s À1 (D). The seedlings grown under 100 mmol photons·m À2 ·s À1 were initially red from anthocyanin accumulation (1 week old) and subsequently developed into white plantlets (3 months old). Plants grown at 40 mmol photons·m À2 ·s À1 were greener than those grown at 60 mmol photons·m À2 ·s À1 . Bars = 5 mm. mutants did not produce any seeds, we investigated embryogenesis and seed development in developing siliques of heterozygous plants. This showed mutant siliques containing both white and green seeds ( Figure 4B ), while seeds in developing siliques of wild-type plants were all green ( Figure 4A ). Careful counting of green and white seeds in multiple siliques for the wild type and mutants showed that the segregation was close to 3:1 (Table 3 ). This Mendelian segregation is consistent with single recessive alleles. In fully ripened siliques, mutant seeds are identified as smaller, wrinkled seeds ( Figure 4B ). Genotyping of the germinated plants from a heterozygous clpp5-1 parent shows that the segregation ratio of heterozygote to wild type is 30:14 = 2.1:1 (x 2 = 0.045), which is close to the expected 2:1 ratio for the germinating seeds of a heterozygous clpp5 parent.
We analyzed the embryos from these white and green developing seeds in clpr2 -2, clpr2-3, clpr4-1, clpr4-2 , and all three clpp5 heterozygous mutant alleles from a developmental series of siliques using light microscopy with Nomarsky optics of cleared seeds. We focus on the data for the clpr4-1 allele ( Figures  4B to 4E ), which were indistinguishable from the data for the clpr2-2, clpr2-3, and clpr4-2 alleles (see Supplemental Figures  4A and 4B online). The earliest developmental stage that we captured showed wild-type or recessive embryos in the heart stage, whereas white embryos homozygous null for clpr4-1 were still in the globular stage ( Figure 4C ). When wild-type embryos progressed to the torpedo stage, they started to appear green as is well documented for Arabidopsis (Goldberg et al., 1994; Tzafrir et al., 2003) ; by contrast, the homozygous clpr4-1 embryos in these siliques were still in the globular or heart stage ( Figure 4D ). When wild-type embryos were in the curled green cotyledon stage or mature stage, homozygous clpr4-1 embryos were either still in the heart or in the torpedo stage ( Figure 4E ). The white seeds in the heterozygous clpp5 alleles were blocked in early embryogenesis at the globular stage and never developed any further ( Figure 4F ). Overlays of Nomarski bright-field and chlorophyll red fluorescence confocal microscopy images of clpr4 white embryos excised from dried and mature homozygous seeds imbibed for 24 h showed that the embryos were smaller than those of the wild type, with short and thickened cotyledons and a shortened root tip ( Figure 4G ).
Together, this shows that embryogenesis in the homozygous clpp5 alleles was completely blocked early on, while embryogenesis in clpr2 and clpr4 mutants was delayed, but embryos remained underdeveloped. None of the mutants showed any aborted seeds (as is often observed for mutants in essential mitochondrial genes), but homozygous alleles showed shrunken seeds, reflecting an underdeveloped embryo ( Figure 4B ). We observed no differences between clpr4-1 and clpr4-2, indicating that the low transcript levels of CLPR4 in clpr4-2 were below the threshold level for significant ClpR4 activity.
The clpr1 Null Mutant Can Be Fully Complemented by Overexpression of CLPR3, but Not by CLPR2 and CLPR4, while clpr2 and clpr4 Null Alleles Cannot Be Complemented by Other CLPR Genes CLPR2 and CLPR4 are essential for seedling development and viability, while CLPR1 is partially redundant. Based on protein gel blots, it was suggested that ClpR3 partially substitutes for the loss of ClpR1 in the EMS clpr1-1 mutant, but there was little evidence that this substitution resulted in a fully assembled 325-kD ClpPR core complex (Stanne et al., 2009) , as observed in the wild type (Peltier et al., 2004; Stanne et al., 2009) . Two hypotheses can be formulated to explain the difference between the CLPR1 and CLPR2,4 alleles: (1) the ClpR proteins can substitute for each other, but limited expression prevents this from happening; and (2) the ClpR proteins make different contributions to Clp function and some contributions are more important than others. To test these two hypotheses, we transformed clpr1-1, clpr2-1 clpr4-1, and clpr4-2 mutant plants with 35S-driven cDNAs for ClpR1, ClpR2, ClpR3, and ClpR4. A large number of transformants for each construct and mutant line were tested for complementation on agar plates with or without sucrose. Each mutant could be complemented with its own 35S-driven or genomic transgene (Figures 5A to 5C) , showing that the phenotypes were all directly related to the loss of their respective ClpR gene. Strikingly, clpr1-1 could be fully complemented by CLPR3 but not by CLPR2 or CLPR4 ( Figure 5A ). By contrast, clpr2-1 and clpr4-1 could only be complemented by CLPR2 and CLPR4, respectively, but not by the other CLPR genes (Figures 5B and 5C). We never obtained autotrophic overexpressor lines for homozygous clpr4-1 with cDNA for CLPR1, CLPR2, or CLPR3, indicating complete lack of complementation and consequently a display of the seedling lethal clpr4-1 phenotype. For each cDNA, >40 plants that were resistant to hygromycin (the resistance marker for the transgenes) were transferred to soil, but all the plants that survived in the soil were either heterozygous clpr4-1 or wild-type plants. Overexpression of these three cDNAs in heterozygous clpr4-1 and clpr4-2 plants did not show any distinctive phenotype. RT-PCR analysis of the overexpression lines showed that the 35S-driven cDNAs indeed increased transcript accumulation levels ( Figure 5D ), indicating that the complementation success or failure was determined by posttranscriptional events. The transcript levels of the other CLPR genes were unaffected in the CLPR3 complemented Plants were grown on agar plates with 2% sucrose in a 10-h-light/14-hdark cycle at 40 mE·m À2 .s À1 , similar as in Figure 2B . (1) Chlorophyll a/b ratio; (2) chlorophyll a+b/total carotenoid ratio; (3) micrograms of chlorophyll a+b/milligrams fresh weight (FW); (4) micrograms total carotenoid/milligrams fresh weight. Average values are in bold and standard errors in brackets (n = 3). (D) CLPR1 and CLPR2 transcript accumulation levels in the leaves of the wild type, clpr1-2 (r1-2), clpr1-2 clpr2-1 (r1r2), and clpr2-1 (r2-1). Transcript levels were determined in three biological replicates by RT-PCR (25 cycles) using gene-specific primer pairs; ACTIN2 was used as internal control (primers are listed in Supplemental Table 1 online) .
(E) Heteroallele of clpr2-1 clpr2-2 confirms that clpr2-1 and clpr2-2 are allelic, since the phenotype is intermediate between that of the clpr2-1 and clpr2-2 null mutants. Plants were grown for 6 weeks on Murashige and Skoog medium + 2% sucrose under a 10-h/14-h light/dark cycle at 40 mmol photons·m À2 ·s À1 . Bar = 5 mm.
clpr1-1 line, indicating lack of feedback transcriptional regulation in the CLPR gene family ( Figure 5D ).
Analysis of the 325-kD CLPR Core Complex in clpr1-1
The overexpression analysis suggested that the ClpR1 protein can be replaced by the ClpR3 protein if expression of ClpR3 is increased, while ClpR2 and ClpR4 could not be replaced by other ClpR proteins. Thus, the reason that the phenotype of the clpr1-1 null allele is so much weaker than that of the CLPR2 and CLPR4 null alleles likely results from partial replacement of ClpR1 by ClpR3 protein in the 325-kD ClpPR core complex. Since we now have shown that overexpression of CLPR3 can fully complement clpr1-1, the most logical explanation for the clpr1-1 phenotype is that the expression levels of the ClpR3 protein are insufficient to fully replace the loss of ClpR1 protein.
To determine the composition of the 325-kD ClpPR complex in clpr1-1, we isolated intact chloroplasts from clpr1-1 and separated the native chloroplast stromal proteome on a native gel, followed by a second-dimension SDS-PAGE, similar to the procedures we performed for the wild type (Peltier et al., 2004) and clpr2-1 . The 325-kD Clp complex was (A) and (B) Opened developing (top images) and mature (bottom images) siliques of wild-type plants (A) and heterozygous clpr4-1 mutants (B). Seeds in developing siliques of the wild type are all green (A), while the siliques of heterozygous mutant alleles show white and green seeds on average in a 1:3 ratio (see Table 3 for clpr2 -2, clpr2-3, clpr4-1 clpr4-2, clpp5-1, clpp5-2, and clpp5-3) . In the mature silique stage, homozygous mutant seeds are recognizable as smaller, wrinkled seeds as indicated by the asterisks (B). Bars = 1 mm. (C) to (E) Nomarski bright-field microscopy of cleared seeds of siliques in different ripening stages of a heterozygous clpr4-1 mutant. g, globular stage; h, heart stage; t, torpedo stage; c, cotyledon stage; t*, torpedo-like stage. Bars = 100 mm. (F) Nomarski bright-field microscopy of cleared seeds of siliques of a heterozygous clpp5-1 mutant. The arrow points at the homozygous clpp5-1 globular embryo stage. g, globular stage; t, torpedo stage. Bar = 100 mm. (G) Overlays of Nomarski bright-field and chlorophyll red fluorescence confocal microscopy images for wild-type and clpr4-1 embryos extracted from imbibed dry seeds. The wild-type embryo shows clear cotyledon (c) and radicle (r) formation with accumulation of chloroplasts. The mutant embryo develops a normal root tip but has thicker and stunted cotyledons. Bars = 80 mm.
much less abundant in clpr1-1 than in the wild type, as it was barely visible upon Coomassie blue staining, while the rest of the stromal proteome was comparable to that in wild-type chloroplasts (see Supplemental Figure 5 online). The 325-kD gel region was cut out and the proteome was analyzed by high-sensitivity nano-liquid chromatography tandem mass spectrometry (nanoLC-MS/MS) with an LTQ-Orbitrap. Except for ClpR1, we identified all chloroplast ClpPR subunits with multiple MS/MS spectra (see Supplemental Table 2 online). Thus, in the absence of detectable levels of ClpR1, the 325-kD ClpPR complex can assemble and is functional, even if it accumulated at levels that were several fold lower than those in the wild type.
Light Microscopy and TEM Analysis of clpr4-1
Loss of ClpR2 has comparable consequences for plant growth and development as loss of ClpR4, with relatively small phenotypic differences between clpr2-2, clpr2-3, clpr4-1, and clpr4-2. To better understand the phenotype of the clpr4-1 null allele and thus likely the clpr2 null alleles, we analyzed the anatomy of clpr4-1 seedlings grown under different conditions by light microscopy ( Figure 6A ). White leaves of clpr4-1 plants (grown at 100 mmol photons·m 22 ·s 21 ; as in Figure 2C ) contained large, vacuolated cells, with a lower cell density than young wild-type leaves ( Figure 6A , top right-hand panel). In addition, cell size and chloroplast size and number were strongly reduced in white leaves ( Figure 6A , top right-hand panel) and to a lesser extent in the pale-green leaves grown at 40 mmol photons·m 22 ·s 21 ( Figure  6A , bottom left-hand panel). The chloroplast number increased with progressive leaf development, while reduction of cell size persisted with development of adult leaves of clpr4-1 and the wild type (data not shown). Interestingly, when light-green plants were shifted to 48C at ;10 mmol photons·m 22 ·s 21 for 3 weeks, their leaves greened further and chloroplast size and general morphology became more similar to those of the wild type ( Figure 6A , bottom right-hand panel).
The chloroplast ultrastructure was investigated by transmission electron microscopy (TEM). TEM of thin sections of white leaves showed that thylakoids were nearly absent in clpr4-1 leaves, being present only in a rudimentary form ( Figure 6B , top right-hand panel). The chloroplasts from pale-green clpr4-1 leaves showed accumulation of stacked but disorganized thylakoid membranes and accumulation of a higher than normal number of thylakoid-associated plastoglobules, visible as electrondense particles (Figure 6B, . Surprisingly, the thylakoid structure in leaves kept under very low light at 48C appeared quite similar to that of the wild type, but with less stacking ( Figure 6B , bottom right-hand panel). The rationale for transferring the plants to 48C was to slow down protein expression and folding, since we suspected that protein aggregation or an imbalance in protein homeostasis might contribute to the strong phenotype.
ClpP/R complexes also accumulate in root plastids (Peltier et al., 2004) . Therefore, we analyzed the primary roots of homozygous clpr4-1 plants for plastid phenotypes and other possible defects. Figures 6C and 6D show TEM images of mitochondria and plastids in root vascular cells ( Figure 6C ) and root cortex ( Figure 6D ) of wild-type and clpr4-1 plants. The size and shape of the root plastids were not significantly affected in the mutant. Prothylakoid accumulation in plastids of root cortex cells was similar in the wild type and clpr4-1, but with an increase in plastoglobule accumulation in the clpr4-1 plastids, indicative of stress. Mitochondrial ultrastructure was unaffected (Figures 6C and 6D) . While root growth was reduced in the clpr4 mutants as a consequence of reduced photosynthesis, the Clp protease system does not appear to be essential for root growth and development.
RT-PCR of the Clp Gene Family: Transcript Levels Are Moderately Decreased in clpr4-1
Our transcript analysis of the clpr1-1 lines overexpressing CLPR3 showed that transcript levels of other CLPPR genes were not affected, indicating a lack of transcriptional feedback regulation within the CLPPR family. To determine if there was any transcriptional feedback regulation within the extended nuclear CLP gene family in the homozygous null allele clpr4-1, we determined the transcript levels of all members of the nuclearencoded Clp gene family, namely, CLPP3-6, CLPR1-4, CLPT1,2, CLPS, CLPC1,2, CLPD, as well as the unfoldase CLPB3 ( Figure  7 ). Transcript analysis of wild-type and clpr4-1 was performed in three biological replicates for 40-d-old plants with an internal ACTIN2 control and a limited number of PCR cycles (20) . All data sets showed that, except for CLPC2, the transcript levels of CLPP3,4,5,6 and CLPR1,2,3 were on average reduced by 33% (with a 6% SD) in clpr4-1 (Figure 7 ). This indicates that none of the nuclear-encoded CLPPR genes specifically respond to the loss of CLPR4 transcription, for instance, to compensate for the lack of ClpR4. Rather, the general downregulation of the CLPPR gene family is quite likely a general response to the strong developmental inhibition. Transcript levels of the Clp chaperones ClpC1, D, the unfoldase ClpB3, the putative substrate modulator ClpS and the unique ClpT1,T2 proteins were on average reduced by 16% (6% SD) in the clpr4-1 mutant. Only transcript for ClpC2 was slightly increased, by ;8%.
White clpr4-1 Leaves Are Depleted in Chloroplast Proteins
Microscopy analysis of white and green clpr4-1 leaves showed that chloroplast size and number per cell were reduced in clpr4-1, particularly in the white leaves. To determine if and how this was reflected in the protein composition of the white leaves of Figure 2C ), the soluble leaf proteome extracts from wild-type and clpr4-1 white leaves were compared using native two-dimensional gels ( Figure 8A ). The ribulose-1,5-bis-phosphate carboxylase/oxygenase (Rubisco) complex and many other abundant metabolic enzymes were virtually absent in the mutant. Only the spot containing Chaperone 60 (Cpn60) could be assigned as a visible plastid protein complex in the clpr4-1 mutant, with accumulation levels comparable to those in the wild type. The 26S proteasome, mitochondrial ATP synthase complex, cytosolic methionine synthase (MS1,2), and vacuolar thioglucoside glucohydrolase 1, as indicators of the rest of the cellular proteome, all accumulated to normal levels. This suggested that mainly the chloroplast proteome was affected in albino clpr4-1, in agreement with the microscopy analysis described above.
Protein Gel Blot Analysis of Pale-Green clpr4-1 Leaves
To investigate the accumulation of chloroplasts and thylakoid proteins, the pale-green clpr4-1 plants were analyzed by protein gel blotting ( Figure 8B ). This showed that accumulation of photosystem II (PSII) and photosystem I (PSI) core subunits was reduced 10-fold in clpr4-1 (on a total leaf protein basis). By contrast, PsbS, an unusual thylakoid membrane protein with pigment binding domains and a central role in nonphotochemical quenching (Li et al., 2000) , accumulated at near wild-type levels. PsbS has been shown to accumulate in the absence of PSII complexes, in etioplast membranes, and in mutants devoid of pigment accumulation (Funk et al., 1995) . The thylakoid protease SppA was 2.5-fold upregulated on a total leaf protein basis. The Zn-metallo proteases FsH5 (Var1) and FtsH2 (Var2) and the stromal protease DegP2 were also detected in clpr4-1, but they were downregulated by a factor of two on a total leaf protein basis. Cpn60 was detected at wild-type levels ( Figure 8B ).
Comparative Proteomics of Total Leaf Extracts from
Pale-Green clpr4-1 and Wild-Type Plants
To further understand the consequences of loss of the ClpR4 protein, we compared the leaf proteomes of 2-month-old palegreen clpr4-1 plants grown under a short light period at low light under heterotrophic conditions with wild-type plants grown for 1 month under similar conditions ( Figure 9A ). These wild-type and clpr4-1 plants had on average a similar number of leaves and thus provided the best comparison. In an earlier study, concerning another developmentally delayed chloroplast mutant, we showed that choosing plants with the same number of leaves, rather than the same age, provided the best correction for developmental delay in proteome experiments . Total leaf proteomes of leaves of wild-type and clpr4-1 plantlets were extracted with SDS, and 400 mg of each proteome was run on an SDS-PAGE gel and stained with Coomassie blue ( Figure 9B ). Each gel lane was cut in 20 slices, followed by in-gel trypsin digestion and protein identification by on-line nanoLC-MS/MS with an LTQ-Orbitrap, as described by Zybailov et al. (2008) . The experiment was performed in two biological replicates. The proteome analysis identified 3422 nonredundant proteins, covering many biological functions and pathways as assigned in the MapMan system (Thimm et al., 2004 ) (see Supplemental Data Set 1 online). Consistent with the chloroplast phenotype, chloroplast proteins (annotated as in the Plant Proteome DataBase; Sun et al., 2009; Zybailov et al., 2009) were underrepresented in clpr4-1 (23% in clpr4-1 and 32% in the wild type). As expected, ClpR4 was identified in wild-type seedlings but not in clpr4-1.
It has been shown for LC-MS-based analyses of digested protein mixtures that the number of matched MS/MS spectra, here named spectral counts (SPCs), positively correlates with protein abundance (Liu et al., 2004; Old et al., 2005; Zybailov et al., 2005 Zybailov et al., , 2008 Lu et al., 2007) . To determine which proteins were significantly up-or downregulated in clpr4-1, a significance G-test (P < 0.05%) of the SPCs (adjusted for shared peptides) was performed for each biological replicate ( Figure 9C ; see Supplemental Data Set 1 online). Proteins that shared most peptides with each other were grouped and quantified as small families. We then removed those accessions for which the total number of SPCs within each pairwise clpr4-wild-type comparison was 10 or less, since these lower number of counts are insufficient for reliable quantification as determined by the G-test (Zybailov et al., 2008) .
Six hundred ninety-two proteins (or small protein families) could thus be quantified in both biological replicates, and only those proteins were further considered for quantification; 43% of these proteins are chloroplast localized (see Supplemental Data Set 2 online). Fifty-three of the quantified proteins were significantly upregulated in both replicates, of which six (11%) were chloroplast proteins, and 59 proteins were significantly downregulated in both replicates, of which 51 (88%) were chloroplast localized ( Figure 9C ; see Supplemental Data Set 1 online). clpr4-1/ wild-type protein accumulation ratios are provided in Supplemental Data Set 2 online.
The six upregulated chloroplast proteins are three central enzymes in nitrogen assimilation of the GS/GOGAT cycle NADHglutamate synthase (NADH-GOGAT or GLT1), aspartate kinase/ homoserine dehydrogenase (AK-HSDH), aspartase transaminase (AAT1/ASP5), as well as NTT2, the inner envelope ATP/ADP translocator that imports cytosolic ATP into the chloroplast (Reiser et al., 2004) , a specialized ribosome-associated GTPase TypA/BipA (Wang et al., 2008) , and iron-storage protein ferritin 1 (Table 4, Figure 9C ). The upregulated nonchloroplast proteins were involved in a variety of cellular processes, including cell wall synthesis/modeling, reflecting the reduced growth phenotype (see Supplemental Data Set 2 online).
Thirty-one of the 52 downregulated proteins are photosynthetic thylakoid proteins, 10 are Calvin cycle proteins, and the remaining 10 chloroplast proteins are the ClpC1,2 chaperones, thylakoid protease FtsH1,5, chloroplast DNA/RNA-interacting protein TAC16/Why1 (Prikryl et al., 2008) , allene oxide synthase, hydroxymethylbilane synthase in the tetrapyrole pathway, thioredoxin m1, a thylakoid-associated Rieske 2Fe-2S-like protein with unknown function, RNA binding protein Rap38/CSP41B, and carbonic anhydrases 1,2 ( Figure 9C ; see Supplemental Data Set 2 online). The seven downregulated nonchloroplast proteins include peroxisomal glycolate-oxidase and mitochondrial glycine decarboxylase, which are involved in photorespiration, peroxisomal malate dehydrogenase [involved in NAD(H)-dependent oxalacetate-malate conversion], and cytosolic fructose biphosphate aldolase (involved in triose-P into fructose-1,6 biphosphate conversion) (see Supplemental Data Set 2 online). The downregulation of nonchloroplast proteins reflects heterotrophic growth and an expected decrease in photorespiration in clpr4-1 plants.
The lower percentage of identified chloroplast proteins in clpr4-1, the strong downregulation of predominantly chloroplast proteins, the virescent phenotype, and the impaired chloroplast ACTIN2 was used as internal control. Total RNA was isolated from 40-d-old plants grown on Murashige and Skoog medium, supplemented with 2% sucrose grown under a 10-h/14-h light/dark cycle at 40 mmol photons·m À2 ·s À1 . Twenty PCR cycles were performed. Three independent biological replicates are shown. development observed from the microscopy analyses compared with wild type all suggested that the chloroplast proteome in clpr4-1 represented a smaller percentage of the total leaf proteome mass. This reduced chloroplast protein mass was due to loss of abundant thylakoid and Calvin cycle proteins and possibly also due to an overall lower chloroplast volume per cell. To better understand the impaired state of the clpr4-1 chloroplast, it was thus necessary to compare the relative changes within the chloroplast proteome in clpr4-1 to the wild type, after correction for the overall decrease in chloroplast proteome in clpr4-1. To that end, we first calculated the spectral abundance factor (SAF) for each chloroplast-localized protein in the wild type and in clpr4-1; SAF is calculated based on the number of SPCs for a protein, normalized by the number of predicted tryptic peptides (for that protein) within the mass-to-charge range detected by the mass spectrometer (Zybailov et al., 2006) . The SAF for each protein was then normalized against the sum of all SAFs of the chloroplast-localized proteins in the wild type or clpr4-1, resulting in nSAF (Zybailov et al., 2006) . The clpr4-1/ wild-type protein accumulation ratios were then calculated as the clpr4-1/wild-type nSAF ratios (Table 4 ; see Supplemental Data Set 3 online); the cross-correlations between the nSAF in the wild type and clpr4-1 are shown in Figure 9D . Significance was determined by G-tests. Of the 439 chloroplast proteins that were quantified in both replicates with at least 10 counts, 36 proteins were significantly increased, whereas 26 were decreased in clpr4-1 plants relative to the wild type (Table 4, Figure  9D ; see Supplemental Data Set 3 online).
The downregulated proteins were 21 photosynthetic thylakoid proteins of PSI, PSII, the cytb 6 f complex, the ATP-synthase, and the NDH complex, as well as stromal Rubisco large and small subunits, and allene oxide synthase (Table 4, Figure 9D ). The 36 upregulated proteins include six proteins of general nitrogen assimilation: NADH-GOGAT (GLT1), Fd-GOGAT 1, aspartate aminotransferase (AAT/ASP5), carbamoylphosphate synthetase, argininosuccinate synthase, and aspartate kinase/ homoserine dehydrogenase (ak-hsdh). The upregulation of the N-assimilation pathway is a reflection of the mostly nonphotosynthetic growth of clpr4-1 plants on sucrose, and direction of assimilated nitrogen into inert Asn, which has a higher N:C ratio than Gln and can therefore transport and store nitrogen more efficiently when carbon skeletons are limiting (Buchanan et al., 2000) . This is most likely a secondary effect of the loss of Clp activity and will not be discussed any further. Other upregulated chloroplast proteins are involved in tetrapyrrole synthesis, protein sorting, folding, and maturation (TRANSLOCON OUTER MEMBRANE COMPLEX 159, TRANSLOCON INNER MEM-BRANE COMPLEX110, CHLOROPLAST SIGNAL RECOGNI-TION PARTICLE 43, HEAT SHOCK PROTEIN 90, and HEAT SHOCK PROTEIN 70), protein synthesis (PLASTID SPECIFIC RIBOSOME ASSOCIATED PROTEIN 7, ELONGATION FAC-TORS Tu, EF-G, and BipA), and proteolysis (PRESEQUENCE PROTEASE 1 and ClpP4), and two FtsZ proteins are involved in plastid division. Indicative of chloroplast stress, plastoglobulelocalized proteins (Fibrillin 2, ABC1 KINASE 2, and aldolase), as well as stromal ascorbate peroxidase and monodehydroascorbate reductase, were upregulated (Table 4, Figure 9D ). Finally, the upregulation of ferritin-1, which is involved in iron storage, is likely due to the decrease in demand for iron due to the reduced number of Fe-S clusters in PSI and the cytb6f complex. We quantified 18 subunits of the chloroplast 70S ribosome (including both nuclear-and plastid-encoded subunits), but none showed significantly altered protein levels in clpr4-1 plants relative to wild-type plants (see Supplemental Data Set 3 online). (A) CN-PAGE and Sypro Ruby staining of 2 mg of total soluble proteins from leaves of wild-type and white clpr4-1 seedlings grown as in Figure  2D . The predominant chloroplast stromal proteins are the Rubisco large (RbcL) and small (RbcS) subunits. Chaperone 60, the extrachloroplastic 26S proteasome complex, mitochondrial ATP synthase complex (ovals), cytosolic methionine synthase 1,2 (MS1 and MS2), and vacuolar thioglucoside glucohydrolase 1 (TGG1) are indicated. (B) Protein gel blot analysis of titrations (indicated as 1x, 2x, 3x, 4x, and 10x) of total leaf protein extracts from wild-type and clpr4-1 plants grown as in Figure 2B . Protein ratios in clpr4-1/wild type are indicated. Membranes were probed with antibodies generated against different proteins of the PSI and PSII (CP43,47, Core Protein 43 and 47 of PSII; PsaF, a small peripheral subunit of PSI; PsbS, a unique antenna protein in PSII), as well as chaperones and proteases (stromal chaperone Cpn60, stromal protease DegP2, thylakoid proteases FtsH2 and 5, members of the FtsH Zn-metalloprotease family; ATP-independent light-induced Ser-type thylakoid protease SppA).
DISCUSSION New Advances in Understanding the Role of ClpPR Proteins
The presence of an extended family of noncatalytic ClpR proteins and catalytic ClpP proteins in higher-plant chloroplasts suggests specific evolutionary adaptation of the Clp protease system to higher-plant chloroplast metabolism and protein homeostasis. The CLP gene family in its prokaryotic progenitors, the cyanobacteria, is much simpler with only three CLPP genes and one CLPR gene (Stanne et al., 2007) , while nonphotosynthetic bacteria have only one CLPP gene and no CLPR genes (Yu and Houry, 2007) . To understand the significance of this extended higher-plant Clp protease system, we obtained three (A) Examples of clpr4-1 and wild-type plants used for proteome analysis. (B) One-dimensional SDS-PAGE gel lanes (Replicate 1) with leaf proteomes from clpr4-1 and the wild type. (C) Cross-correlation between adjusted SPC of identified proteins with at least 10 adjusted SPCs in both biological replicates. These adjusted SPCs are the raw data not normalized for the total SPC per sample. Proteins that surpass the 95% confidence by the G-test are indicated with filled symbols in black, red, or blue. The red filled symbols are those chloroplast proteins that surpass the 95% confidence level in both biological replicates. The blue filled symbols are those nonchloroplast proteins that surpass the 95% confidence level in both biological replicates. The dashed line is the linear regression line for SPC in clpr4-1 and the wild type and corresponds to a 1:1 ratio of clpr4-1:wild type based on normalized SPC. The protein identities and function of the numbered data points can be found in Table 4 . (D) Cross-correlation between log(nSAF) for chloroplast-localized proteins in the wild type and clpr4-1 for each of the replicates; the nSAF values represent relative protein abundance normalized to the total chloroplast protein abundance in the respective sample. Only those proteins are displayed that were identified with at least 10 adjusted SPC in both replicates. Proteins that surpass the 95% confidence by the G-test in both biological replicates are indicated with filled red symbols, and those proteins that surpass the 95% confidence level in only that biological replicate are shown in filled black symbols. The protein identities and function of the numbered data points can be found in Table 4 . (E) Relative accumulation of thylakoid photosynthetic complexes and light stress proteins in clpr4-1 leaves compared with wild-type leaves, determined by spectral counting, based on the clpr4-1:wild type ratio of average values (with SD) for all quantified subunits of each complex. The number of proteins quantified for each complex (n) is indicated. LHCII, light-harvesting complex II proteins; LHCI, light-harvesting complex I proteins; Lil3.2, light harvesting-like protein 3.2; Ohp2, One-helix protein 2. Chloroplast-localized proteins that are significantly up-or downregulated (G-tests >95% confidence) in clpr4-1 plants compared with wild-type plants after normalization to the total chloroplast protein abundance in the respective sample. Only those proteins that were identified with at least 10 adjusted SPCs in both replicates were considered. Proteins did surpass the 95% confidence by the G-test in both biological replicates. All proteins are visualized in Figure 9D as clpp and five clpr stable insertion mutants, generated a clpr1 clpr2 double mutant, and tested if ClpR1, ClpR2, and ClpR4 could each be substituted by other ClpR proteins by overexpressing CLPR genes in various clppr mutant backgrounds. We also investigated transcriptional feedback regulation within the CLP gene family, either in response to loss of expression of one of the CLPR genes or to overexpression of CLPR genes. Moreover, we performed an extensive microscopy analysis of shoots and roots of a CLPR4 null mutant grown under different light regimes to determine the consequence of loss of ClpR4 function on plastid biogenesis and cellular organization. Finally, a large-scale proteome analysis of clpr4-1 null seedling leaves determined changes in proteome composition of leaves. Chemical complementation experiments suggested that the clpp and clpr seedling lethal phenotypes are not caused by loss of MVA and MEP isoprenoid pathway end-products or by the essential plastid synthesized vitamin b1 (thiamine). Our study provides a better understanding of the significance of the extended CLPPR gene family, and it will form a basis for more detailed structurefunction analysis of ClpPR proteins. This study also complements the analysis of a CLPR1 EMS mutant, clpr1-1, in which a premature stop codon in CLPR1 was found to result in undetectable levels of ClpR1 protein, as determined by protein gel blots (Koussevitzky et al., 2007a) and MS (this article; see Supplemental Data Set 4 online), even if we detected low levels (;10%) of full-length CLPR1 transcript ( Figure 1B ). In contrast with the clpr2 and clpr4 null mutants, clpr1-1 can be maintained on soil ( Figure 3A) , and our overexpression experiments ( Figure 5A ), together with protein gel blot analysis of clpr1-1 proteins (Koussevitzky et al., 2007a) , show that the lack of a strong clpr1-1 phenotype is due to partial substitution by ClpR3. Earlier work analyzed a T-DNA tagged knockdown mutant for CLPR2 , while antisense lines were produced and analyzed for CLPP4 and CLPP6 (Sjogren et al., 2006) ; each of these lines showed significant levels of remaining Clp protein and, likely as a consequence, they showed much milder phenotypes. In this discussion, we will compare our findings with these published studies, and we will discuss ClpPR regulation, the structurefunction relationship of ClpP and ClpR proteins, as well as potential Clp substrates and the role of the ClpPR complex in plastid function. Figure 4F ). These results indicate that there is ClpP5 activity in the absence of ClpR2 or ClpR4 and that ClpP5 activity is absolutely required in plastid function very early in embryogenesis. The precise role of plastids in embryogenesis is still not understood, but likely involves the synthesis of metabolites. Greening of embryo plastids and development of the photosynthetic machinery is known to play a substantial role in activating light-regulated enzymes, increasing fatty acid synthesis, and potentially powering refixation of CO 2 (Ruuska et al., 2004) . Embryo mutant collections are enriched for plastid mutants (http://www.seedgenes.org/) (McElver et al., 2001; Tzafrir et al., 2004) .
We can group Arabidopsis plastid mutants into four classes: (1) plastid mutants that are truly embryo lethal with embryogenesis blocked in the transition from globular to heart stage, for example, the tic110 null mutant of the protein import machinery (Kovacheva et al., 2005) , plastid nap7, likely affected in Fe-S biogenesis (Xu and Moller, 2004) and lysophosphatidic acid acyl transferase 1 affected in fatty acid biosynthesis (Kim and Huang, 2004; Yu et al., 2004) ; (2) plastid mutants that show delayed embryogenesis with development of white seeds and that are seedling lethal under autotrophic conditions with development blocked at the cotyledon stage. However, when supplied with sucrose, this arrest is released and seedlings develop true leaves. They remain sterile and can thus only be maintained as heterozygotes. Examples include null mutants for ribosome release factor 1 (Motohashi et al., 2007) , chaperone 60a (Apuya et al., 2001) , and inner envelope protein monogalactosyldiacylglycerol synthase 1 (Kobayashi et al., 2007) . (3) Plastid mutants with an embryo phenotype that require sucrose for development, as in class 2, but that can eventually be transferred to soil and set viable seed. These mutants can be maintained as a homozygous population and include null mutants for unfoldase/chaperone CLPB3 (Myouga et al., 2006; Zybailov et al., 2009) . (4) Plastid mutants, sometimes with weak embryo phenotypes, that have pale-green/virescent or variegated phenotypes but can develop autotrophically and can be maintained as a homozygous population. Examples are Arabidopsis mutants impaired in partially redundant genes, such as TRANSLOCON INNER MEMBRANE COMPLEX 40 (Kovacheva et al., 2005) , PsaD (Ihnatowicz et al., 2004) , ATP SYNTHASE-C (Bosco et al., 2004) , and thylakoid FTSH proteases (Adam et al., 2006; Sakamoto, 2006) , or functions that lead to reduced fitness but are otherwise not strictly essential (e.g., thylakoid alternative oxidase [IMMUTANS]) (Aluru et al., 2007) .
The clpp5-1, clpp5-2, and clpp5-3 mutants fall in the first class of plastid mutants, the clpr2-2, clpr2-3, clpr4-1, and clpr4-2 mutants fall in the second class of plastid mutants, while the clpr1-1 EMS mutant, the clpr2-1 knockdown mutant, and the CLPP4 and CLPP6 antisense lines fall in the fourth class. The fact that the clpr2-2, clpr2-3, clpr4-1, and clpr4-2 mutants consistently show a strong phenotype (Figure 2 ) and never produce seeds shows that ClpR2 and ClpR4 are required throughout leaf development and flowering, while ClpR1 is partially redundant. The accumulation of only low levels of chlorophyll and carotenoids in the clpr2 and clpr4 mutants (Table 2) suggests either a disruption of the signal transduction pathway to the nucleus (Koussevitzky et al., 2007b; Pesaresi et al., 2007) , resulting in repression of pigment biosynthesis, or a loss of pigment stability (e.g., due to lack of stabilizing chlorophyll and carotenoid binding proteins or light-induced breakdown of pigment binding proteins). The complete block in embryogenesis of ClpP5 shows that ClpP5 is absolutely needed in the plastid, whereas ClpR2 and ClpR4 are not absolutely needed, even if they are required for normal embryogenesis, plant growth, and development. This difference likely results from the fact that ClpP5 has an active catalytic site, whereas ClpR2 and ClpR4 do not.
ClpR1 Can Be Fully Substituted by ClpR3, but Minimal ClpR Levels Are Required
ClpR3, but not ClpR2 and ClpR4, could clearly completely substitute for ClpR1 function when ClpR3 expression levels were increased through a transgene. However, neither ClpR2 nor ClpR4 could be substituted by the other ClpR proteins. Extensive homology modeling (D. Ripoll and K.J. van Wijk, unpublished data), in addition to our previously published homology models (Peltier et al., 2004) , or primary sequence comparisons ( Figure  1C ), did not provide any obvious explanation for this selective complementation. In earlier studies, we determined the origin and evolution of the ClpPR proteins, with the goal of making predictions for the function and structural position within the tetradecameric chloroplast ClpPR complex (Peltier et al., 2001; Majeran et al., 2005) . ClpR1, ClpR3, and ClpR4 proteins originate from the essential cyanobacterial CLPR gene. This group is characterized by a stretch of two to four Pro residues and an amino acid insertion in the loop (L1) between strand 2 and helix 3, postulated to influence the substrate binding pocket that is highly conserved in the ClpP subunits. By contrast, ClpR2, which lacks the L1 insertion, was derived from the essential cyanobacterial CLPP3 gene and is most similar to the chloroplast-encoded ClpP1, but with loss of the catalytic residues. The origin of ClpP5 is less clear, but this protein clusters together with ClpP3, ClpP4, and ClpP6; however, homology models do not explain why ClpP5 has no redundancy to other ClpP proteins. It is important to bear in mind that the amino acid sequence identities between these processed ClpP subunits (with cTP removed) range from 37 to 48% ( Figure 1C ), thus allowing many possibilities for functional divergence.
The double homozygous clpr1-2 clpr2-1 mutant was seedling lethal, whereas the single mutants were viable on soil ( Figures 3A  to 3C ). Since all evidence so far has suggested that there is only one ClpPR complex, and given our complementation analysis of the CLPR family, the best explanation for this synergistic phenotype is that the plant cannot coordinate the assembly such as to use all the available, but limited, number of both ClpR1 and ClpR2 molecules in the same complex. The lack of a general feedback regulation of transcription and protein synthesis of the other ClpPR proteins likely confounds this assembly problem.
The Differential Phenotypes between the ClpR2 and ClpR4 Null Alleles and the ClpP5 Null Alleles
Previously, we estimated that the stoichiometry between the ClpPR subunits is as follows: P4:P5:R4:R2:(R1+R3+P3):P1:P6 = 3:3:2:1:(3):1:1 (Peltier et al., 2004 ). We could not determine the stoichiometry between the R1:R3:P3 subunits, since they could not be separated based on mass. Subsequently, a slightly modified stochiometry was suggested of P4:P5:R4:R2:(R1+R3):P3: P1:P6 = 3:2:2:1:(3):1:1:1 and with one heptameric ring containing ClpP1, ClpR1-4, and the other heptameric ring containing ClpP3-P6 (Sjogren et al., 2006) . One could argue that loss of proteins with a higher copy number should have a stronger phenotype than those with a lower copy number. The calculated 1:2 ratio between ClpR2:ClpR4 would predict a weaker phenotype for the clpr2 null mutants than the clpr4 null mutants, if there was any redundancy of ClpR4 or ClpR2. However, since the phenotypes of clpr2-2 and clpr2-3 and clpr4-1 and clpr4-2 seedlings were very similar, with the clpr4 mutants being even slightly greener (under heterotrophic conditions), it should be concluded that each subunit makes a unique contribution to Clp function. The embryo lethality of the three clpp5 null alleles could be due to the higher ClpP5 copy number within the ClpPR complex (assuming that there are three copies), or alternatively, suggest that ClpP5 is strictly needed for functional activity.
Lack of Transcriptional Upregulation or Downregulation in Response to Gene Disruption or Overexpression Indicates Constitutive Expression and Posttranscriptional Regulation of Clp Activity
The loss of CLPR1, CLPR2, or CLPR4 expression or overexpression of any of the four CLPR genes generally did not lead to changes in transcript accumulation of the other CLPPR genes ( Figures 3D, 5D , and 7), indicating that there is no transcriptional mechanism to substitute ClpR1, ClpR2, and ClpR4 with other Clp subunits. Our extensive transcript measurements are consistent with the limited observations for the CLPP4 and CLPP6 antisense lines in which CLPP3 transcript levels were unchanged in both mutants (Sjogren et al., 2006; Zheng et al., 2006) . Therefore, the activity of the Clp protease family appears to be posttranscriptionally regulated, most likely through regulation of substrate selection and substrate delivery and possibly of ClpPR complex assembly.
Loss of ClpR4 Protein Accumulation Does Not Affect Overall Accumulation Levels of Other ClpPR Proteins, Indicating Posttranslational Regulation of Clp Protease Activity
The comparative proteome analysis showed that, after normalization for chloroplast protein mass, ClpP1, P3, P4, P5, P6, as well as ClpR3 all increased within a narrow range between 2.3-and 3.5-fold in clpr4-1 (see Supplemental Data Set 3 online); only the increase in ClpP4 passed our significance test due to the higher number of matched MS/MS spectra. In addition, ClpR4 was detected with nine matching MS/MS spectra in the wild type but was not detected in clpr4-1 (see Supplemental Data Set 1 online). ClpR1 and ClpR2 were detected in both the wild type and clpr4-1, but the total number of matched MS/MS spectra (14 and 7 for ClpR1 and ClpR2, respectively; see Supplemental Data Set 1 online) was insufficient for accurate quantification; however, it showed that they both accumulated at significant levels. Using large-scale MS, we observed also in the clpr2-1 knockdown mutant that except for ClpR2, the accumulation levels of the other ClpPR was not reduced, . Thus, in addition to the lack of transcriptional feedback, as mentioned above, there also appears to be little translational regulation of the CLP gene family. However, both for clpr1-1 (see Supplemental Figure 5 online) and clpr2-1 , we observed reduced accumulation of the 325-kD ClpPR complex, indicating that in the absence of ClpR1 or reduced accumulation of ClpR2, the ClpPR proteins accumulate in smaller assemblies (or as monomers). Accumulation of ClpPR proteins in smaller complex assemblies was also observed in a CLPP6 antisense line (Sjogren et al., 2006) . Importantly, even if the remaining ClpPR subunits associate in various assemblies, they do not appear to make a significant contribution to Clp function, as judged by the strong phenotypes of these clp mutants.
Near-Complete Loss of Photosynthetic Capacity in clpr2 and clpr4 Null Mutants Indicates a Key Role of the Clp Protease System in Formation of the Photosynthetic Apparatus
The clpr2-2, clpr2-3, clpr4-1, and clpr4-2 plants showed 95 to 98% loss of chlorophyll and ;90% loss of total carotenoids on a fresh weight basis relative to the wild type when grown under optimal conditions (low light, short light period, and sucrose) ( Table 2) ; when plants were grown at higher light conditions, they turned entirely white and lost virtually all chlorophyll (Figure 2 ). This loss of pigment was accompanied by a strong reduction of the thylakoid-bound photosynthetic apparatus, as well as the Calvin cycle enzymes, in particular the Rubisco complex. This suggests that the Clp system is intimately involved in the biogenesis of the photosynthetic apparatus and agrees well with observations in the green algae C. reinhardtii that the Clp system degrades cytb 6 f complexes (Majeran et al., 2000) . While addition of exogenous sucrose to plants has been shown to influence nuclear gene expression and repress expression of the photosynthetic machinery (Rolland et al., 2006) , it is important to note that, for comparative proteome analysis, the wild type was also grown on 2% sucrose but did express the full complement of the photosynthetic apparatus (see Supplemental Data Set 1 online).
Whereas the thylakoid membrane system was clearly reduced, as observed by the proteome and microscopy analyses (Figures 6, 8, and 9) , thylakoid-associated plastoglobules (Brehelin et al., 2007) visibly increased (Figure 6 ), similar to the clpr2-1 mutant . This increase was also reflected in the strong increase in several specific plastoglobular proteins, in particular the structural fibrillin 2, the ABC2 kinase, and the fructose-biphosphate aldolase 3 (Table 4) . Increase in plastoglobule particles can be seen in some Arabidopsis chloroplast mutants that are impaired in thylakoid biogenesis (e.g., the tatc mutant, which is impaired in the TAT thylakoid protein insertion pathway) (Motohashi et al., 2001) or during conditions of abiotic stress (e.g., N starvation, light stress, and drought stress).
Effects on Chloroplast Division, Biogenesis, and Protein Homeostasis
This study and various previous studies have shown that the Clp protease system, including the ClpC chaperone, plays an important role in chloroplast protein homeostasis and that it is part of a network of chloroplast protease activities (Park and Rodermel, 2004; Adam et al., 2006; Sjogren et al., 2006; Stanne et al., 2007; Yu et al., 2008) . It has also been shown that Clp mutants have delayed processing of chloroplast rRNA (Koussevitzky et al., 2007a; Yu et al., 2008) . This could either result in delayed chloroplast ribosome assembly or could be the consequence of delayed ribosome assembly. Interestingly, accumulation of chloroplast ribosomal proteins was unaffected in young or old clpr4-1 plants compared with the wild type, and, indeed, chloroplast protein synthesis was not blocked in the clpr4-1 null mutant, as chloroplast biogenesis is strongly dependent on expression of plastid-encoded genes. We identified 46 chloroplast-encoded proteins in the wild type and 45 chloroplast-encoded proteins in clpr4-1, including the four plastid polymerase subunits (RPO-A,B,C1,2) (see Supplemental Data Set 1 online), clearly showing that chloroplast translation is not blocked in clpr4-1. Finally, within the chloroplast protein biogenesis and homeostasis machinery, unfoldase ClpB3, chaperone HSP90, Deadbox RNA helicase RH3, and the translation elongation factor typA/BipA (Wang et al., 2008) stand out in their strong upregulation (Table 4 , Figure 9D ) and warrant further investigation.
Substrates of the Clp System
The clpr2 and clpr4 null mutants are essentially albino mutants (with some chlorophyll at very low light), whereas clpp5 null mutants are blocked in early embryogenesis. Numerous albino mutants in Arabidopsis have been isolated and include mutants affected in (1) isoprenoid and tetrapyrrole biosynthesis (Phillips et al., 2008) , (2) plastid gene expression (Motohashi et al., 2007) , and (3) protein import, folding, and assembly (Apuya et al., 2001; Myouga et al., 2006) .
No substrates for Clp proteases have been identified, but based on our phenotypic and chemical complementation and proteome analysis, we can exclude several pathways and processes as direct targets for Clp proteolysis and being the direct cause of the albino or embryo lethal phenotype. The cytolic MVA and plastid MEP pathway produce the precursors isopentenyl diphosphate and its isomer dimethylallyl diphosphate. These secondary metabolites are needed for the synthesis of important isoprenoids in the chloroplast, such as plasto-and phylloquinones, gibberellins, tocopherol, chlorophylls, carotenoids, abscisic acid, isoprene, and other terpenes (Eisenreich et al., 2004) . Our feeding experiment with isopentenyl diphosphate and dimethylallyl diphosphate did not affect any of the clppr phenotypes, thus suggesting that loss of the MVA or MEP pathway is not the cause of the clpr1, clpr2, or clpr4 phenotypes. Moreover, the presence of both chlorophyll a and b as well as carotenoids shows that none of these pathways are blocked. Plastids also synthesize several essential vitamins, such as thiamine (vitamin B1) and ascorbate (vitamin C) (Smith et al., 2007) , but supplementation with a vitamin mix, or with thiamine hydrochloride alone, did not complement any of our mutants. Growth of clpr2 or clpr4 alleles under continuous low light (i.e., no light-dark cycle) did not affect the clpr2 or clpr4 phenotype, indicating that accumulation of chlorophyll intermediates in the dark, as observed in the flu mutant (Meskauskiene et al., 2001) , did not cause the pale green or white phenotype.
Interestingly, it was shown in Arabidopsis that the ClpC1 chaperone is involved in degradation of chlorophyll a oxygenase (CAO) (Nakagawara et al., 2007) . CAO is responsible for conversion of chlorophyll a to chlorophyll b (Nakagawara et al., 2007) .
Mutant forms of CAO that could not be degraded induced photodamage during greening, likely due to rapid conversion of chlorophyll a to chlorophyll b, and reduced the activity of upstream steps in chlorophyll biosynthesis (Yamasato et al., 2008) . However, we did not observe any significant change in the chlorophyll a/b ratios for the clpr2-2, clpr2-3, clpr4-1, or clpr4-2 mutants ( Table 2 ), indicating that possible unregulated accumulation of CAO did not cause the phenotypes.
As discussed in the previous section, synthesis of chloroplastencoded proteins was not blocked, and loss of chloroplast gene expression is thus not the cause for the albino phenotype. However, several chloroplast elongation factors, a DeadBox RNA helicase as well as HSP70, HSP90, and ClpB3 were also significantly upregulated (Table 4 , Figure 9D ). In a separate study, we made similar observations for the soil-grown clpr2-1 mutant and also showed a synergistic effect between clpr2-1 and a clpb3 null mutant, indicating the importance of ClpB3 function when Clp protease levels are reduced . Therefore, it is quite plausible that the strong phenotypes of the Clp mutants result from the combined protein folding, import, and maturation stress, in particular since single null mutants in any of these protein homeostasis genes often results in albino phenotypes. The difference between the embryo lethal clpp5 mutant phenotypes and the seedling lethal clpr2 and clpr4 phenotypes can be explained by a residual Clp protease activity when one of these two noncatalytic ClpR proteins is lacking.
As discussed above, our comparative proteome analysis identified several dozen chloroplast proteins that were significantly upregulated compared with the rest of the chloroplast proteome ( Figure 9D , Table 4 ), some of which were also upregulated in the antisense CLPP6 mutant (Sjogren et al., 2006) . Upregulated proteins include protein biogenesis and homeostasis factors as well as several metabolic enzymes and envelope transporters (Table 4) . While these could theoretically represent Clp substrates, their overaccumulation is more readily explained from the dramatic loss of photosynthetic activity and destabilization of chloroplast homeostasis.
Our observations for the clpr2 and clpr4 mutants and the clpr1-2 clpr2-1 double mutants (Figures 2 and 3 ) contrast those for CLPP4 antisense lines in which increasing light intensities or a longer light period stimulated greening and reduced the virescent phenotype . Another difference was that these CLPP4 lines had a variegated phenotype with the lowest chlorophyll levels and the most reduced chloroplast development along the mid veins. We did not observe such a phenotype for the clpr2 or clpr4 mutant or the clpr1 clpr2 double mutant, suggesting that the ClpR proteins indeed make a different contribution to Clp function than the ClpP proteins.
Large-Scale, Label-Free, and MS-Based Quantitative Proteomics of Arabidopsis Seedlings Quantitative comparative analysis of complex proteomes, such as leaf or chloroplast proteomes, is not particularly sensitive when using two-dimensional electrophoresis gels. However, MS-based quantifications are increasingly becoming successful in large-scale quantification of soluble and membrane proteins, in particular due to the vast improvement of sensitivity, mass accuracy, and speed of mass spectrometers (Bantscheff et al., 2007; Mann and Kelleher, 2008) . Recently, we demonstrated that spectral counting, using one-dimensional gels and nanoLC-LTQ-Orbitrap mass was effective in determining relative protein accumulation levels for ;500 chloroplast stromal proteins of wild-type plants (Zybailov et al., 2008) . In this study, we provide the experimental setup and subsequent bioinformatics and statistical analysis for large-scale comparison of total leaf proteomes of wild-type and clpr4 seedlings; this identified >3000 proteins and quantified nearly 700 proteins, thus providing an overview of the response of the cellular and chloroplast proteome, including membrane proteins, to the loss of ClpR4.
We conclude that ClpP5, ClpR2, and ClpR4 are important for embryogenesis, plant development, and reproduction, whereas ClpR1 is partially redundant to ClpR3. The much stronger phenotype of the clpr2, clpr4, and clpp5 null mutants compared with the clpr1-1 null mutant is due to a partial substitution of ClpR1 by ClpR3. Loss of ClpR2 and ClpR4 leads to a dramatic decrease in the photosynthetic capacity, indicating that the Clp system is intimately involved in the biogenesis of the photosynthetic apparatus, but it remains to be determined during which steps the Clp system affects biogenesis. The genetic analysis presented in this study indicates that the ClpR2, ClpR4, and ClpP5 proteins make unique contributions to Clp function and show that there is some residual Clp activity in the absence of ClpR1, ClpR2, or ClpR4 but that absence of ClpP5 results in loss of Clp activity, as suggested from the embryo lethality of the clpp5 null alleles. To understand this differential activity, the precise organization of the tetradecameric Clp core complex must be resolved (i.e., the ring composition and positions and stochiometry of the Clp subunits within the rings). An additional key question is why the Clp core complex is so important for plastid function during embryogenesis and subsequent development. Finally, whereas specific substrates are unknown, it is quite plausible that the strong phenotypes of the Clp mutants result from the combined protein folding, import, and maturation stress. Identification of specific substrates and substrate recognition mechanisms is needed to truly understand and appreciate the role of the Clp protease system in plant plastids.
METHODS Plant Growth, Mutant Isolation, and RT-PCR Analysis
Details and references for all T-DNA insertion and EMS mutants described in this article are listed in Table 1 . The location of T-DNA insertion was confirmed by DNA sequencing. Plant growth, genotyping, and RNA extraction were performed as described previously , and additional growth conditions are detailed in the figure legends. To test possible deficiency in thiamine biosynthesis, wild-type, clpr1-2, clpr2-1, clpr4-1, and clpr4-2 were grown on Murashige and Skoog agar (0.8% agar) plates with 0, 10, 50, and 100 mg/L thiamine hydrochloride with or without 2% sucrose under 10-h/14-h light/dark cycles at 60 mmol photons·m 22 ·s 21 . For RT-PCR, total RNA was isolated with an RNeasy plant mini kit (Qiagen). First strands were synthesized from equal amounts of total RNA with Superscript III reverse transcriptase (Invitrogen). Twenty-five (Figures 1 and 3) or 20 (for the remaining figures) cycles were used for RT-PCR to ensure that the RT-PCR was in the linear range.
Ethidium bromide was used for staining the gels. Primers for genomic PCR or RT-PCR analysis are listed in Supplemental Table 1 online. Chlorophyll and carotenoid content on a fresh weight basis was measured in 80% acetone as described (Lichtenthaler, 1987) .
Complementation
Full-length CLPR1, CLPR2, ClPR3, and CLPR4 cDNA fragments and a 6299-bp genomic CLPR4 DNA fragment were amplified using Taq polymerase. Primers for complementation are also listed in Supplemental Table 1 online. The PCR products were subcloned into the pCR8/GW/ TOPO vector (Invitrogen). Using LR clonase, the DNA was introduced into pMDC123 (for genomic) or pMDC32 (for cDNA) Gateway destination plant binary vector (Curtis and Grossniklaus, 2003) . Agrobacterium tumefaciens transformation, plant transformation, and selection were performed as described previously .
Microscopy of Developing Seeds, Leaves, and Roots
Seeds were removed from siliques and cleared for 1 to 24 h in Hoyer's solution (3.75 g of gum arabic, 50 g of chloral hydrate, and 2.5 mL of glycerol in 15 mL of water) on a microscope slide. Seeds of later developmental stages required extended clearing periods. Cleared seeds were examined using Nomarski optics on an Olympus BX51 microscope. The fixation for TEM was essentially as described by Gluaert (1975) . Images were taken on a FEI TECNAI 12 BioTwin (Philips). For confocal microscopy, seeds were imbibed in water for 24 h at 48C. Embryos were separated from their seed coat and mounted immediately in 50% glycerol. Imaging was performed on a laser scanning confocal Leica TCS SP2 microscope equipped with Nomarski optics.
Native Gel and Protein Gel Blot Analysis
Total leaf proteins for protein gel blot analysis were extracted by grinding in 100 mM Tris-HCl, pH 8.8, 1% SDS, and 5 mM EDTA. Equal amounts of the wild-type and clpr4-1 proteome were loaded on a 12% Laemmli PAGE gel, blotted onto polyvinylidene fluoride membranes, and probed with specific antibodies using chemiluminescence for detection, following standard procedures. Native total cellular soluble proteomes of the wild-type and clpr4-1 were collected by grinding leaves in a mortar precooled at 48C in 10 mM HEPES, pH 8.0, 5 mM MgCl 2 , and a protease inhibitor cocktail as described by van Wijk et al. (2007) . Membranes and cellular debris were separated by centrifugation. About 2 mg protein was separated by Colorless Native Gels (CN-PAGE) as described originally by Schä gger et al. (1994) and Peltier et al. (2001 Peltier et al. ( , 2004 , followed by SDS-PAGE. The resulting two-dimensional gels were stained with Sypro Ruby (Invitrogen), and gels were scanned using a CCD camera (FluorS; BioRad).
Large-Scale Comparative Proteomics of Total Leaf Proteomes
Total leaf proteins were extracted by grinding 200 mg of fresh leaves in liquid N 2 into a fine powder. Then, 1 mL of extraction buffer (5% SDS, 125 mM Tris-HCl, pH 8.8, 5 mM EDTA, 5 mM tributylphosphine, and 2.5 mg/ mL of protease inhibitor; Pefablok) was added, and a pestle was used to solubilize the material. Unsolubilized materials were removed by centrifugation, and proteins in the resulting supernatant were precipitated in 75% acetone at 2808C. Proteins were collected as pellets by centrifugation, followed by two additional acetone washes to remove lipids. The resulting protein pellet was solubilized in 2% SDS and 50 mM Tris-HCl, pH 8.25, and protein concentrations were determined (Smith et al., 1985) . Then, 400 mg of total leaf protein of clpr4-1 and wild-type samples were each run on a one-dimensional SDS-PAGE gel (12% acrylamide). Each of the gel lanes were cut into 20 bands followed by reduction, alkylation, and in-gel digestion with trypsin, and then data-dependent MS/MS acquisition as described by Zybailov et al. (2008) . MS and data searching against ATH v8 using Mascot and subsequent filtering and quantification based on normalized and adjusted spectral counts were performed as described by Zybailov et al. (2008) . MS-derived information, as well as various types of annotated properties of all identified proteins, can be found in the PPDB (http://ppdb.tc.cornell.edu/). The MapMan Bin system (Thimm et al., 2004) was used for functional assignment. To determine significance (95% confidence) of upregulated and downregulated proteins, first the G-test (Sokal and Rohlf, 1995; Zybailov et al., 2008) was used for each biological replicate. The P values determined by G-testing were corrected for multiple hypothesis testing using the BenjaminiHochberg method (Benjamini and Hochberg, 1995) . Briefly, P values were ranked from 1 to N, where 1 corresponded to the lowest and N to the highest P values; protein with P value of rank k is said to pass the G-test at 95% significance, if inequality P value <(k/N)*0.05 holds. Subsequently, only those accessions were deemed significantly upregulated or downregulated if (1) they passed the G-test in both biological replicates at 95% confidence and (2) they were either consistently upregulated or downregulated in all biological replicates. To determine the clpr4-1/wild-type protein accumulation ratios after correction for the reduced chloroplast protein mass in clpr4-1, we first calculated the SAF for each protein in the wild type and in cpr4-1; SAF was calculated based on the number of SPCs for a protein and normalized by the number of predicted tryptic peptides (for that protein) within the mass-to-charge range detected by the mass spectrometer. The SAF for each protein was then normalized using the sum of all SAFs in the sample (in this case chloroplast-localized proteins in the wild type or clpr4-1), resulting in nSAF.
Accession Numbers
Accession numbers of proteins identified in this study can be found in Supplemental Data Set 1 online.
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